Ptarmigan and grouse species (Lagopus spp.) are thought to be able to compensate for a modest harvest because there is a surplus of breeding birds that are prevented from breeding by territory holders. To estimate the degree of harvest-mortality compensation reliably we experimentally harvested 0%, 15% and 30% of the willow ptarmigan (Lagopus lagopus) on 13 estates ranging from 20 to 54 km 2 in size during four hunting seasons in Norway according to a regional block design. Population overwinter growth rate was strongly negatively density dependent, but despite this, and contrary to earlier findings, only 33% of the harvest was compensated for. The lack of compensation was probably caused by long-distance juvenile dispersal that was unaffected by the harvest. The need for large-scale management experiments to detect the effects of harvest was clearly demonstrated: lack of compensation was found only when we used the whole dataset and not when the data were analysed by year or block. Our study shows that it is very difficult to demonstrate a population's lack of harvest compensation and warns against using small-scale, out-of-season or poorly replicated studies as a basis for future harvest-management decisions.
INTRODUCTION
Sustainable harvest requires knowledge of whether the harvest mortality is additive to natural mortality or is compensated for by increased survival or reproduction. Erroneously assuming compensation has led to over-harvest and even population extinctions (Hilborn et al. 1995; Lande et al. 1995; Myers & Cadigan 1995; Walters & Maguire 1996) . During a two to three week intensive willow ptarmigan harvest in September each year, more than 100 000 Norwegian hunters shoot ca. 10-20% of the total population (Myrberget 1976; Steen 1989) . This harvest level has been assumed to be sustainable owing to compensatory mechanisms that have been demonstrated when territory holding cocks are removed from their territories. After cock removal in high-density populations the vacant territories are immediately occupied by surplus cocks (Hannon 1983; Pedersen 1988; Ellison 1991; Moss et al. 1996) . However, the scale and timing of such local removals in optimal willow ptarmigan habitats in the spring are not representative of hunting that covers landscape-scale estates in the autumn. Our aim was to test experimentally on an appropriate scale, and with appropriate replication, whether willow ptarmigan compensated for the harvest as suggested by removal studies.
In the only realistic harvest study on willow ptarmigan, 24% of one population was experimentally harvested during each of three harvest seasons in Sweden while two populations were left as controls (Smith & Willebrand 1999) . It was found that individuals left after harvest had the same winter survival as individuals from non-hunted areas, and harvest mortality appeared to be additive to natural mortality. Despite hunting mortality being additive to natural mortality, the population size was unaffected. The authors suggested that population size was maintained by immigration from areas beyond their study area (Smith & Willebrand 1999) . Immigration into a local population requires that there are individuals in the surrounding areas that for some reason decide to migrate. Because willow ptarmigan that have already bred for one season seldom move large distances between years, it is the juveniles that constitute the dispersing part of the population.
If the compensation is caused by density-dependent immigration of individuals born the previous year, the sustainability of the harvest then becomes just a matter of the size of the harvested area and whether the local population is a source or a sink (Pulliam 1988) . If all compensation is driven by dispersal and the size of the harvested area is so big that it contains most dispersal movement, there would be no compensation. Following the same logic, perceived compensation would fall with increasing size of the management area.
The size of Norwegian willow ptarmigan hunting estates, and so the management area, is ca. 20-25 km 2 . The interesting question is therefore how the population on a local estate responds to harvest. To account for density-dependent immigration or emigration and other sources of variability, a study must contain the essential requirements of proper experiments: controls and especially randomization and large-scale replication. This means that one must experimentally harvest many estates of relevant size (i.e. the scale of game estates) with different habitat qualities and population densities.
In the 4 year study we tested whether willow ptarmigan populations compensated for harvest by experimentally assigning three approximate harvest levels (0%, 15% and 30% of the autumn population) to 13 hunting estates (figure 1). Density was estimated in early May before the onset of breeding (spring) and in mid-August before harvest (autumn) using pointing dogs and distance sampling techniques (Buckland et al. 1993) . The harvest was conducted during the normal hunting season (10 September-1 November) with most of the harvest occurring in the first two weeks.
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METHODS (a) Experimental protocol
Thirteen hunting estates were distributed on three blocks in southeastern (four in Dalsbygda and Holtålen), central (five in Meråker) and northern Norway (four in Anarjokka, Finnmark) (figure 1). The hunting estates were already established by traditional use. By using each harvest level twice in each block each year we assured repetition of harvest level within each geographical region but were unable to repeat all harvest levels exactly in each block every year. Thus the experimental design is an incomplete randomized block design (Mead 1988) . Harvest level was assigned as follows: in the initial year we assigned the three combinations of harvest levels (0 : 15%, 0 : 30% and 15% : 30%) randomly to the blocks. The two harvest levels assigned to each block were assigned randomly to two estates each, avoiding confounding between prior treatment and current treatment, and between harvest level and density. In successive years we aimed at rotating the treatment combinations (0 : 15%, 0 : 30% and 15% : 30%) northwards, giving the southernmost area the treatment combinations of the northernmost block. We achieved independence of treatment, year and hunting estate. In the last year of the treatment, the treatment combinations were randomly distributed over the three blocks. Volunteers carried out the data collection and harvest. Owing to difficulties in achieving exactly the assigned percentage harvest, the actual percentage harvests deviate somewhat from those assigned (figure 1).
(b) Density estimation
Density was estimated using line-transect methodology and the program Distance (Buckland et al. 1993; Thomas et al. 2002) . Straight transect lines were drawn on a map 400 m apart, roughly following the altitude. Only every other line was traversed on the same day ensuring that no willow ptarmigan was counted twice as a consequence of being scared from one line to another. A team of two, with a minimum of two dogs, traversed the lines. Normally one dog was running at a time. One person handled the dog and the other kept track of the transect line using a compass or global-positioning-system receiver. When the dog pointed one person stayed on the line while the other approached the dog and flushed the bird(s). Line identification and the number of adults and juveniles were recorded and the perpendicular distance from the line to where the birds were first seen was measured to the nearest metre. The dogs spend less time searching far away from the transect line than they do close to the transect line. Large clutches are easier to detect than singles or pairs and therefore large clutches are overrepresented at large distances. This was corrected by estimating a cluster-size bias-correction factor. Because the same dogs and people did the fieldwork on each hunting estate throughout the study, we estimated a cluster-size bias-correction factor for each hunting estate using data from all years, but because the conditions for the autumn and spring censuses were different the correction factors differed between seasons. Encounter rates were estimated for each hunting estate, year and season without stratifying with respect to age or sex. Owing to spatial variability in habitat quality, we stratified the density estimation, both in spring and in autumn. Effective strip width (ESW) was estimated using the half-normal detection curve with the cut-off point at 5%. The detection curve was chosen using the Akaike information criterion (Thomas et al. 2002) . Using radio-collared birds we found that we detected all birds on the line, i.e. g(0) = 1, and they did not move in response to the approaching dog and handler. The coefficients of variation for the density estimates averaged 21% and 24% for the spring and autumn estimates, respectively. Harvest rate was estimated from the total number present before harvest and the number shot. Chick production was taken as the number of chicks per adult estimated in the autumn. Dispersal distances in juveniles and adults were estimated based on 59 radio-tagged individuals over 4 years on estate M3 at Meråker.
(c) Statistical analysis and model selection
In the statistical analysis we used the overwinter rate of change (ln[N spring /N last autumn before harvest ]) in each estate as the dependent variable and the percentage harvest as the experimental variable; the natural logarithm of autumn density and chick production Proc. R. Soc. Lond. B (2004) (chicks per adult) were treated as continuous predictor variables. To correct for consistent regional differences in Norway and for local differences within regions, we allowed block and hunting estate as categorical independent variables in the global statistical model. To test whether the degree of compensation was dependent on population density or on the proportion of young birds in the population, we also allowed interactions between density and harvest and between harvest and chick production. Inference of effect sizes was carried out based on the model with the lowest AIC-value (Akaike 1973; Burnham & Anderson 1998 ). The final model was chosen using stepAIC and parameters estimated using function lm in S-plus4 (MathSoft 1997).
RESULTS
(a) Response to harvest
The best model for overwinter rate of change included a large effect of estate (54% of the total variance) and negative effects of population density (19% of the residual variance with estate in the model), harvest rate (17% of the residual variance with estate and density in the model) and chick production (4% of the residual variance with estate, density and harvest rate in the model) (table 1). As no interactions improved the model, the effect of harvest was independent of the large variation in quality among estates and the negative density-dependent growth rate. The coefficients of the selected model indicate that only 33% of the harvest was compensated for (figure 2). This implies that, for a given estate, a 10% harvest leads to 6.7% fewer individuals next spring. Population density was a stronger predictor of overwinter rate of change than was harvest rate and had a compensatory effect, which amounted to 66% (table 1) . This means that a natural population that in the autumn is 10% smaller than another on the same estate has only 3.4% fewer individuals the next spring.
(b) Movement
Adults moved very short distances and the sexes did not differ. In juvenile females the median natal dispersal distance was 2817 m while the median juvenile male movement distance was 1406 m (table 2).
DISCUSSION
The weak compensation for hunting despite a fairly strong density-dependent growth rate was surprising, but can be explained by two attributes of willow ptarmigan biology. First, high population densities are associated with a high fraction of juvenile birds (r 2 = 0.44, n = 49, p Ͻ 0.0001) and, second, most juveniles disperse and settle outside their natal estate between autumn and spring (table 2). Together these impose a positive densitydependent dispersal rate at the population level, and, given a mosaic of sources and sinks, a mechanism for negative density-dependent population growth.
Harvest will not interfere with this form of density dependence because hunters harvest adults and juveniles indiscriminately and natural winter mortality does not appear to be density dependent (Smith & Willebrand 1999) . That some compensation for harvest takes place can be explained by weak density-dependent immigration Table 2 . Sex-dependent dispersal distances (m) for adults and juveniles determined from radiotelemetry for both sexes.
(Adult dispersal distances are from the territory or nest of one year to that of the next, while for juveniles they are natal dispersals. There are seven juvenile birds where the sex was unknown; they are excluded from the sex-specific presentation but included in the pooled data.) Figure 2 . Overwinter rate of change in willow ptarmigan density compensated for 33% of the harvest mortality, and the compensation was density independent. The size of the shaded area indicates the true compensation at different harvest levels. The values are calculated for the D/H1 estate in southern Norway. Chick production was set to 1.5 chicks per adult and density was 20 willow ptarmigan km Ϫ2 .
between the time of harvest and the next spring. The effect of juvenile dispersal on the density-dependent overwinter rate of change will diminish if the management area is large enough to encompass the scale of juvenile natal dispersal. Because the willow ptarmigan present after harvest do not survive the winter better as a consequence of harvest mortality (Smith & Willebrand 1999) , harvest mortality must therefore be additive to natural mortality, and harvest management must therefore be based on reproductive surplus (Steen & Erikstad 1996) .
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The fairly large spatial and temporal variability in the data not accounted for by density-dependent growth or hunting highlights the necessity for spatiotemporal replication of experimental treatments. For example, if there was no temporal replication in our study (i.e. each year across all blocks was analysed separately) the effect of harvest would be detected in only one out of the 4 years. Likewise, if there was no spatial replication (i.e. data from the three blocks were analysed separately), a significant effect would be detected in one out of the three blocks.
Owing to an exceptionally large-scale properly replicated harvest experiment in space and time, we have been able to document that, despite the presence of densitydependent mechanisms, compensation for harvest mortality is not guaranteed. In the future, caution should therefore be exercised when making harvest-management decisions of whether or not a species can compensate for harvest mortality based on observational or small-scale studies.
